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Abstract

An adiabatic MEscher-GArwood (MEGA)-editing scheme, using asymmetric hyperbolic secant 

editing pulses, was developed and implemented in a B1
+-insensitive, 1D-semiLASER (Localization 

by Adiabatic SElective Refocusing) MR spectroscopic imaging (MRSI) sequence for the non-

invasive mapping of γ-aminobutyric acid (GABA) over a whole brain slice. Our approach exploits 

the advantages of edited-MRSI at 7T while tackling challenges that arise with ultra-high-field-

scans. Spatial-spectral encoding, using density-weighted, concentric circle echo planar trajectory 

readout, enabled substantial MRSI acceleration and an improved point-spread-function, thereby 

reducing extracranial lipid signals. Subject motion and scanner instabilities were corrected in real-

time using volumetric navigators optimized for 7T, in combination with selective reacquisition of 

corrupted data to ensure robust subtraction-based MEGA-editing.

Simulations and phantom measurements of the adiabatic MEGA-editing scheme demonstrated 

stable editing efficiency even in the presence of ±0.15 ppm editing frequency offsets and B1
+

variations of up to ±30% (as typically encountered in vivo at 7T), in contrast to conventional 

Gaussian editing pulses. Volunteer measurements were performed with and without global 

inversion recovery (IR) to study regional GABA levels and their underlying, co-edited, 
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macromolecular (MM) signals at 2.99 ppm. High-quality in vivo spectra allowed mapping of pure 

GABA and MM-contaminated GABA+ (GABA + MM) along with Glx (Glu + Gln), with high-

resolution (eff. voxel size: 1.4 cm3) and whole-slice coverage in 24 min scan time. Metabolic ratio 

maps of GABA/tNAA, GABA+/tNAA, and Glx/tNAA were correlated linearly with the gray 

matter fraction of each voxel. A 2.15-fold increase in gray matter to white matter contrast was 

observed for GABA when enabling IR, which we attribute to the higher abundance of 

macromolecules at 2.99 ppm in the white matter than in the gray matter.

In conclusion, adiabatic MEGA-editing with 1D-semiLASER selection is as a promising approach 

for edited-MRSI at 7T. Our sequence capitalizes on the benefits of ultra-high-field MRSI while 

successfully mitigating the challenges related to B0/B1
+ inhomogeneities, prolonged scan times, 

and motion/scanner instability artifacts. Robust and accurate 2D mapping has been shown for the 

neurotransmitters GABA and Glx.
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1 Introduction

1.1 MRS of neurotransmitters

Two of the major neurotransmitters in the human brain are the inhibitory neurotransmitter γ-

aminobutyric acid (GABA) and the excitatory neurotransmitter glutamate (Glu). Both play 

essential roles in normal physiological and mental functionality (Agarwal and Renshaw, 

2012; Levar et al., 2017; Northoff et al., 2007).

Altered GABAergic neurotransmission is thought to be linked to the pathophysiology of 

numerous neurological and neuropsychiatric disorders, including multiple sclerosis (Cawley 

et al., 2015), schizophrenia (Shetty et al., 2016), and Alzheimer's disease (Bai et al., 2015). 

GABA levels have also been studied in relation to drug treatment (Cai et al., 2012), neonatal 

brain development (Tomiyasu et al., 2017), aging (Gao et al., 2013), functional MRI activity 

(Donahue et al., 2010; Muthukumaraswam et al., 2009), and behavior (Edden et al., 2009; 

Stagg et al., 2011a,b). MR spectroscopy (MRS) is the only non-invasive technique for 

measuring in vivo GABA and Glu concentrations (Puts et al., 2012).

To date, GABA detection via MRS has mainly been conducted in single voxels within the 

brain, with cortical regions (e.g., occipital and prefrontal lobes) being prominent regions of 

interest (Brennan et al., 2017; Mahone et al., 2018; Reid et al., 2018). Reports about MRS 

Imaging (MRSI) are still uncommon (Bogner et al., 2014a; Hnilicová et al., 2016; Jensen et 

al., 2005), and all of them share the same limitations, namely, large voxel sizes, which 

hamper the assessment of regional, – anatomically resolved – GABA levels, and also 

restricted rectangular target volumes to overcome extracranial lipid artifacts, which is 

problematic for studies of cortical regions.
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A comprehensive assessment of regional GABA levels requires measurement approaches 

with a) high sensitivity to overcome the low signal-to-noise ratio (SNR) associated with 

inherently low GABA concentrations, b) consistent high spectral quality and high spatial 

resolutions over the whole brain, and c) robustness against subject motion and scanner 

instabilities.

1.2 Ultra-high-field (7T) MRSI

MRSI at ultra-high-field (UHF) benefits from increased SNR and higher spectral resolution 

(Moser et al., 2012), which can be translated into higher spatial resolution to improve 

anatomical and chemical specificity. This requires that several technical challenges 

associated with accurate volume selection, stronger B0/B1
+-field inhomogeneities, and 

specific absorption rate (SAR) limitations have to be overcome. Further, whole-slice MRSI 

needs to be robust against extracranial lipid contamination (Hangel et al., 2015). These 

issues can be addressed by using excitation approaches with adiabatic pulses (e.g., LASER 

localization instead of PRESS) to resolve signal loss and poor spatial localization 

(Andronesi et al., 2010; Bogner et al., 2017; Scheenen et al., 2008a,b). To fully capitalize on 

the increased spectral and spatial resolution at UHF, traditional MRSI sampling strategies 

have to be reconsidered.

1.3 Spatial-spectral sampling

Time- and SNR-efficient MRSI sampling at UHF with simultaneously increased spectral 

bandwidth and higher spatial resolutions is challenging. Spatial-spectral encoding (SSE) 

methods, such as echo-planar spectroscopic imaging (EPSI) and spiral spectroscopic 

imaging, are much faster than phase-encoded MRSI using parallel imaging (Strasser et al., 

2017). However, at UHF and with current whole-body gradient limitations, the stated SSE 

methods become increasingly SNR-inefficient due to long trajectory rewinding. Self-

rewinding SSE approaches, such as non-Cartesian, concentric circle echo planar trajectories 

(CONCEPT) (Hingerl et al., 2017), are not only more SNR-efficient at UHF, but can be 

intrinsically acquired with a Hamming density-weighted k-space to eliminate extracranial 

lipid contaminations. This is fundamental for whole-slice MRSI that includes cortical 

regions.

1.4 MEGA-editing

The in vivo measurement of low-abundant metabolites, such as GABA, benefits from the 

higher sensitivity at 7T, but remains challenging if the resonances of interest overlap with 

signals from more abundant metabolites (e.g., with creatine).

Several MRS techniques have been suggested to overcome this limitation, including multiple 

quantum filtering (Choi et al., 2006), multidimensional correlation spectroscopy (Andronesi 

et al., 2012), and MEscher-GArwood (MEGA)-editing (Mescher et al., 1998). Among these 

methods, MEGA-editing has become the most common approach due its superior editing 

efficiency, conceptual simplicity (Andreychenko et al., 2012; Arteaga de Castro et al., 2013), 

and high reproducibility (Mikkelsen et al., 2017).
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MEGA-editing of GABA exploits the quantum mechanical J-coupling between the 4CH2-

GABA spins at 3.01 ppm and 3CH2-GABA spins at 1.9 ppm. Two spectra (i.e., EDIT-ON 

and EDIT-OFF) are measured in an interleaved fashion. In the ON-acquisition, frequency-

selective editing pulses applied at 1.9 ppm modulate the GABA signals at 3.01 ppm by 

refocusing the evolution of the scalar coupling, while, in the OFF-acquisition, the evolution 

remains unchanged (i.e., editing pulses applied symmetrically around water at 7.5 ppm). A 

difference spectrum contains a GABA signal at 3.01 ppm, and no signals that were 

unaffected by the editing pulses (e.g., overlying creatine signals).

Macromolecules (MM) at 1.7 ppm are partially inverted due to the editing pulse at 1.9 ppm, 

which results in unwanted co-editing of MM signals at 2.99 ppm. The resulting 

contaminated resonance, termed GABA+ (GABA + MM), complicates the interpretation. 

MM-suppressed GABA-editing approaches have, therefore, been proposed, including a) 

nulling the MM contribution via a global inversion-preparation (Rothman et al., 1993), and 

b) employing symmetric editing around the 1.7 ppm MM resonance with narrow-band 

MEGA pulses (Henry et al., 2001). While the first approach leads to inherent SNR loss, the 

latter approach is sensitive to temporal and spatial B0 frequency deviations, rendering it 

problematic for single-voxel spectroscopy (SVS), and incompatible with MRSI.

1.5 Real-time motion and scanner instability correction

As MEGA-editing is based on the subtraction of two spectra, it is particularly susceptible to 

patient motion or frequency drifts (Bogner et al., 2014; Evans et al., 2013). Hence, real-time 

corrections for any head movements and scanner instabilities are highly desirable.

Real-time correction based on 3D echo planar imaging navigators (vNav) has been 

introduced for MEGA-LASER at 3T and appears to be superior to retrospective approaches 

(e.g., frequency/phase alignment of individual averages) (Bogner et al., 2014; Hess et al., 

2011). By co-registering and comparing navigator images acquired interleaved with the 

MRSI scan, updates (i.e., head translation, rotation, B0 frequency, and first-order shimming) 

are calculated in real-time on the scanner and applied before the subsequent MRSI repetition 

for each TR. vNavs have been shown to improve data quality by reducing subtraction 

artifacts, especially in patients with a predisposition for movement (Bogner et al., 2014; 

Heckova et al., 2018; Hnilicová et al., 2016).

vNavs have not been used for MEGA-edited MRSI at 7T as yet, but may also offer 

substantial improvements at UHF, especially in motion-sensitive MRSI experiments, such as 

MEGA-editing.

1.6 Purpose

Therefore, we propose a MEGA-edited acquisition scheme that meets the above 

expectations for robust and efficient high-resolution, whole-slice, edited-MRSI at 7T. 

Adiabatic slice excitation and MM-suppressed MEGA-editing, combined with fast non-

Cartesian readout and real-time motion and B0 corrections, ensure stability against both 

volunteer and typical ultra-high-field artifacts.
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2 Materials and methods

2.1 Subjects and hardware

Five healthy volunteers (30.8 ± 4.6 years) were included in this study. Institutional Review 

Board approval and written, informed consent were obtained. Measurements were 

performed on a 7T whole-body MR scanner (Magnetom, Siemens Healthcare, Erlangen, 

Germany) with a 70 mTm−1 total gradient strength and a 200 mTm−1s−1 nominal slew rate. 

A head coil with a 32-channel receive coil array, combined with a volume coil for 

transmission (Nova Medical, Wilmington, MA, USA), was used.

2.2 Sequence design

Our goal was to develop a method for high-resolution GABA mapping without MM 

contamination throughout a whole brain slice. This was accomplished by: a) B1
+- and 

chemical shift displacement error (CSDE)-insensitive, 1D-semiLASER slice selection; b) 

adiabatic MEGA-editing pulses combined with a global inversion-preparation to suppress 

macromolecules (MM) while being robust to B1
+/B0-inhomogeneities; c) rapid SNR-

efficient, Hamming density-weighted, non-Cartesian spatial-spectral encoding; and d) real-

time motion and B0 correction.

The resulting edited MRSI sequence combines and builds on previously published 

approaches (Bogner et al., 2014a; Esmaeili et al., 2017; Hingerl et al., 2017; Hwang et al., 

1999), but substantially extends existing methodologies to fully exploit the benefits of 

whole-slice MEGA-edited MRSI at 7T.

2.2.1 Spatial localization using 1D-semiLASER—Volume of interest (VOI) 

localization was achieved by a B1
+-insensitive 1D-semiLASER sequence (Fig. 1). Slice-

selective excitation was performed by a Hamming-filtered, three-lobe sinc pulse with a 0.9 

ms duration and a 4.44 kHz bandwidth, exciting a 50% thicker slice than the target thickness 

in order to ensure a flat-top excitation profile within the target slice while eliminating 

possible contaminations from outside the slice (e.g., from the nasal cavity or extracranial 

lipids) that might occur with non-selective (adiabatic) excitation. One pair of Gradient Offset 

Independent Adiabatic (GOIA) pulses (W16,4 modulation, 8 ms duration, and 10 kHz 

bandwidth) refocused only the target slice thickness spoiling other coherences from outside. 

GOIA pulses provide accurate B1
+-insensitive localization with low-power requirements and 

negligible CSDEs (Andronesi et al., 2010; Tannús and Garwood, 1997). A B1
+ safety margin 

of 40% above the adiabatic threshold was used for the adiabatic GOIA pulses to account for 

the B1
+ inhomogeneities that are expected at 7T over the whole slice (Supplementary Figure 

1).

2.2.2 Adiabatic MEGA-editing—Editing pulses and spoiler gradients (30 mT/m 

amplitude with a 2 ms duration) were arranged in a way similar to that originally proposed 

for MEGA-PRESS (Mescher et al., 1996). However, to account for the strong B0 and B1
+

inhomogeneities at 7T across the slice, we introduced a modified MEGA scheme that 
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incorporated adiabatic editing pulses (Fig. 1). For this, we replaced the conventional 

Gaussian editing pulses by adiabatic editing pulses, which are more suitable for whole-slice 

MEGA-editing at 7T. Adiabatic MEGA lipid/water suppression was shown previously at 3T 

(Esmaeili et al., 2017) for full slab imaging using asymmetric hypergeometric pulses 

(Rosenfeld et al., 1996). Here, we extend this approach to homonuclear adiabatic MEGA J-

difference editing at 7T. Due to larger spectral dispersion at 7T compared to 3T, the editing 

pulses at 7T can have a larger inversion transition band (defined as the frequency range in 

which −0.95 < Mz/M0 < 0.95).

Hence, instead of using hypergeometric pulses which have very sharp transition bands (50 

Hz) but require higher peak voltage, we designed asymmetric adiabatic pulses based on 

stretched hyperbolic secant modulations (Hwang et al., 1999; Xin et al., 2009), which 

provide a sufficiently narrow transition band for 7T, but with lower peak voltage. The design 

of our asymmetric adiabatic pulses was also constrained by their duration to yield an overall 

echo time (TE) close to the optimum value (68 ms) for GABA editing. With this design a 

pulse sequence with total TE of 69 ms was obtained as shown in Fig. 1. Detailed pulse 

parameters are described in Section 2.3.

In the ON-acquisition, the editing pulses were placed such that the 1.9 ppm GABA 

resonance remained well within the flat-top of the MEGA inversion profile, even in the 

presence of B0 variations of about ±0.15 ppm (Supplementary Figure 1). Due to the broad 

inversion flat-top of the MEGA pulse, the MM resonance at 1.7 ppm (i.e., J-coupled to 

MM2.99ppm) was fully co-edited, but, unlike with narrow-band Gaussian pulses, the MM 

contribution was stable, even in the presence of substantial frequency offsets (i.e., temporal 

frequency drift or spatial B0 inhomogeneities) (Harris et al., 2014; Near et al., 2011; van der 

Veen et al., 2017). In the OFF-acquisition, instead of setting the editing pulse far up-field 

(e.g., 10 ppm as for GSH editing), to reduce SAR no editing pulse was applied while 

keeping the overall sequence timing unchanged.

To suppress these unwanted MM contributions and extract the pure GABA signal, a global 

inversion-preparation was applied to null co-edited MM signals at 2.99 ppm (Prinsen et al., 

2017). A 100-ms-long, 40th-order WURST (wideband, uniform rate and smooth truncation) 

pulse with a bandwidth of 1300 Hz centered at 3.0 ppm was used for inversion. The global 

inversion also efficiently suppressed any remaining extracranial lipid signals, thereby 

removing any remaining baseline distortions.

2.2.3 Spatial-spectral sampling—Time-efficient MRSI sampling was achieved by 

using Hamming density-weighted, concentric circle echo planar trajectories (CONCEPT), as 

described by Hingerl et al. at 7T. This approach optimizes the SNR per unit time and the 

point-spread-function (PSF) compared to constant-density approaches (Hingerl et al., 2017; 

Strasser et al., ISMRM, 2017, No. 1251). This PSF improvement further mitigates 

extracranial lipid artifacts.

2.2.4 Real-time motion and scanner instability correction—Dynamic motion and 

B0-field changes were tracked with dual-contrast, multi-shot 3D-EPI navigators (vNav) 

inserted prior to the water suppression module and coil combination prescans of the MRSI 
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sequence. In each TR, the required translation and rotation updates, as well as carrier 

frequency changes, were calculated online and applied in real-time on the MR scanner. 

These vNavs have been used previously in various MR experiments at 3T, including MRI 

(Alhamud et al., 2016; Reuter et al., 2015; Stout et al., 2017), MRS (Hess et al., 2013, 

2011), and MRSI (Bogner et al., 2014a, 2014b; Saleh et al., 2016).

Real-time motion updates were applied in each TR, while frequency updates were applied 

only on pairs of EDIT-ON/EDIT-OFF acquisitions, as this was shown to be superior to 

individual corrections (Bogner et al., 2014; Zhu et al., 2011). Selective reacquisition of 

motion-corrupted data was employed and triggered if the head translation or rotation updates 

were larger than three times the standard deviation of the motion that was normally observed 

during an average volunteer scan (i.e., 0.4 mm or 0.40°). The affected data were discarded 

and immediately reacquired in the following TR, and a maximum of 25% of the originally 

estimated data were allowed to be reacquired.

As previously presented (Moser et al., ISMRM, 2017, No. 1253), vNavs were adjusted to 

deal with ghosting and lipid artifacts that are significantly worse at 7T. The main steps 

included local phase correction to eliminate N/2-ghosting (Feiweier et al., 2011), water-

selective excitation to eliminate fat artifacts, and a reduction of the EPI factor from 32 to 16 

(i.e., 2-shot instead of single-shot EPI) to reduce geometrical brain distortions.

2.3 Simulations – adiabatic MEGA-editing

A highly efficient, asymmetric, adiabatic full-passage pulse was synthesized in Matlab 

(R2013a, MathWorks, Natick, MA, USA) from a combination of two adiabatic half-passage 

pulses with different modulation functions. The pulse was composed of one-half of a 32-ms-

long HS-1 pulse and half of an 8-ms-long HS-4 pulse, resulting in a total pulse length of 20 

ms (Fig. 2). The second editing pulse (Fig. 1) was created by time-reversing the first editing 

pulse with additionally inverted phase modulation to obtain a frequency inversion profile 

identical to the first editing pulse.

The frequency inversion profile, amplitude, and phase modulation functions were simulated 

via the MATPULSE/VeSPA toolkit (Matson, 1994). Immunity, with regard to frequency 

offset and B1
+ variations, was simulated and compared to a conventional sinc-Gaussian pulse 

(8.3 ms duration, FWHM = 120 Hz, full width at 95% maximum = 30 Hz) as previously 

used in SVS experiments at 7T (Chen et al., 2017).

We performed quantum mechanical simulations of this new 1D-semi-LASER sequence of 

the 3.01 ppm GABA resonance using NMRScope-B (Starvčuk et al., 2009) with J-coupling 

constants from Govind et al. (2015). The editing efficiency of the asymmetric editing pulse 

was compared to the above-mentioned Gaussian pulse with respect to sensitivity to ±30% 

B1
+ variations and a frequency offset of 0.15 ppm.

2.4 Phantom measurements

The inversion profile of the asymmetric editing pulse was obtained from repeated 

measurements of the signal intensity of the 3.03 ppm creatine singlet resonance in a 
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phantom (10 mM creatine) while subsequently sweeping over editing frequencies from −1.0 

ppm to 5.0 ppm in 0.15 ppm increments. The center frequencies of measured and simulated 

profiles were matched by frequency shifting and the simulated profile from Section 2.3 was 

experimentally validated by comparing transition and flat-top bands. Further, a phantom 

containing 20 mM GABA was measured and the 3.01 ppm GABA resonance shapes in the 

EDIT-ON/EDIT-OFF/DIFF-spectra were qualitatively compared to simulated results from 

Section 2.3.

2.5 Volunteer measurements

The in vivo protocols started with acquiring fast, anatomical 3D T1-weighted images using 

an MP2RAGE (magnetization-prepared 2 rapid acquisition gradient echoes) sequence 

(Marques et al., 2010). The MRSI slice was positioned transversally above the ventricles. 

Second-order, field map-based B0-shimming was used with a shim volume of 220 × 220 × 

18 mm3. The reference MRSI transmit voltage was calculated from a pre-saturation, turbo-

FLASH-based B1
+-mapping sequence (Chung et al., 2010; Klose, 1992). In total, all MRI 

prescans, B0 shimming, and slice positioning took ~15 min.

Five volunteers were scanned with two MRSI sequences using our proposed adiabatic 

editing sequence, one with and one without applying the global inversion-preparation to 

study the MM contamination to the 3.01 ppm signal. All MRSI protocols shared the 

following settings: TR 2.8 s; TE 69 ms; if applicable TI 300 ms (Prinsen et al., 2017); FOV 

220 × 220 mm2; 32 × 32 matrix; slice thickness 16 mm; effective voxel size, 1.4 cm3 

bandwidth 2778 Hz; FA 83° (Ernst angle for GABA); 2 averages with 2-step phase cycling; 

902 FID points; 2 temporal interleaves; 64 k-space rings; TA 24:12 min.

One additional volunteer was scanned to compare our proposed method (CONCEPT 

readout, adiabatic MEGA-editing, and real-time corrections, IR-ON) to a more conventional 

approach including spiral readout (8 angular and 3 temporal interleaves) (Adalsteinsson et 

al., 1998), narrow-band Gaussian editing pulses (FWHM = 120 Hz) as suggested by Chen et 

al. for MM suppression via symmetric editing around the 1.7 MM resonance at 7T (Chen et 

al., 2017), and no real-time corrections. The main MRSI parameters described above were 

employed for both scans.

An optimized WET (Water suppression Enhanced through T1 effects) scheme (Ogg et al., 

1994) using four suppression pulses at 7T was used as previously described (Hangel et al., 

2016). The MOSAIC coil combination was employed (Moser et al., ISMRM, 2018, No. 

1306), which extends the MUSICAL coil combination (Strasser et al., 2013) to spatial-

spectral encoded MRSI by acquiring reference data in an interleaved fashion.

2.6 Data processing

Offline MRSI data reconstruction and processing was performed using an in-house-

developed software package (Povavžan et al., ISMRM, 2015, No. 1973) based on Matlab 

(R2013a, MathWorks, Natick, MA, USA), Bash (version 4.2.25, Free Software Foundation, 

Boston, MA, USA), and MINC (MINC tools, v2.0, McConnell Brain Imaging Center, 

Montreal, QC, Canada). Data reconstruction included a modified Pipe-Menon pre-gridding 
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density compensation (Pipe and Menon, 1999), an off-resonance correction (Mayer et al., 

2006), and convolution gridding (Jackson et al., 1991) using a Kaiser-Bessel kernel (width 

of 3).

Spectral fitting was performed via the LCModel (Provencher, 2001) with metabolic basis 

sets simulated using NMRScope-B. In vivo EDIT-OFF spectra were fitted in the spectral 

range of 1.8–4.2 ppm, with a basis set that included N-acetyl-aspartate (NAA), N-

acetylaspartylglutamate (NAAG), phosphocholine (PCh), glycerophosphocholine (GPC), 

creatine (Cr), phosphocreatine (PCr), Glu, glutamine (Gln), glutathione (GSH), myo-inositol 

(m-Ins), and GABA. Apodization by an 8 Hz Gaussian filter was used to display DIFF-

spectra. DIFF-spectra were fitted with a basis set that contained only GABA and Glu 

between 2.65 and 4.2 ppm. The spectral range between 3.17 and 3.65 ppm was excluded 

from fitting to improve the LCModel results.

Maps of spectral quality measures (i.e., SNR and linewidth), as well as spectral fitting 

quality (i.e., CRLBs) were obtained. For each voxel, the SNR was calculated with an 

adapted pseudo-replica method (Robson et al., 2008) and the linewidth was determined 

based on the NAA resonance with an in-house developed MATLAB routine. Moreover, 

maps of metabolites and their ratios were obtained. In particular, GABA/tNAA maps were 

acquired from DIFF-spectra, where MM contributions were nulled via inversion recovery. 

GABA+/tNAA maps were obtained from DIFF-spectra without inversion recovery. Glx/

tNAA maps were acquired in both cases. In all cases, tNAA (NAA + NAAG) maps obtained 

from IR-ON EDIT-OFF spectra were used for normalization (Stagg et al., 2009), thereby 

reducing lipid and MM contributions to the tNAA signal while avoiding to introduce 

significant T1 weighting (Xin et al., 2013).

2.7 Data evaluation

T1-weighted images were segmented into gray matter (GM), white matter (WM) and 

cerebrospinal fluid (CSF) voxels via BET (Jenkinson et al., 2005) and FSL/FAST (Zhang et 

al., 2001). For statistical analysis, the GM and WM maps were down-sampled to the MRSI 

resolution and the PSF was matched via Hamming-filtering. The GM/WM fraction was 

derived for each MRSI voxel.

The mean and standard deviation of the SNR (i.e., GABA, GABA+, and tNAA), linewidth 

(i.e., FWHM of tNAA), and Cramér-Rao lower bounds (CRLBs of all fitted metabolites) 

over all brain voxels were assessed and compared between IR-ON/OFF using paired t-tests. 

Differences in metabolite concentrations between GM and WM were assessed via 

correlation analysis between metabolic ratio maps (i.e., for GABA/tNAA, GABA+/tNAA, 

Glx/tNAA, and tCr/tNAA) and GM/WM tissue composition.

3 Results

3.1 Simulations

Amplitude and phase modulation functions of the asymmetric 20-ms-long adiabatic HS 

pulse are provided in Fig. 2.
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Fig. 3(A) illustrates the simulated inversion profiles for the two editing pulse types. The 

narrow transition band of the asymmetric HS pulse was 162 Hz, which was lower than that 

provided by a symmetric HS pulse of equal duration (i.e., 183 Hz). The broad transition 

band on the other side of the frequency profile of the asymmetric HS pulse was 818 Hz. The 

flat-top covered a bandwidth of 534 Hz. The flat-top of the asymmetric HS pulse included 

important resonances, such as GABA at 1.9 ppm, NAA at 2.0 ppm, and macromolecules 

(MM) at 1.7 ppm. The FWHM of the Gaussian pulse was 120 Hz. The Gaussian inversion 

profile was centered at the 1.9 ppm GABA resonance affecting the MM resonances at 1.7 

ppm only by partial inversion leading to a smaller amount of co-edited MM signal compared 

to the asymmetric HS pulse.

Simulated 4CH2-GABA resonance shapes from the EDIT-ON/EDIT-OFF/DIFF-spectra are 

provided in Supplementary Figure 2. Immunity against B0 and B1
+ variations is summarized 

in a 2D inversion efficiency contour plot in Fig. 3(B).

Simulations of the 4CH2-GABA 3.01 ppm resonance in Fig. 4 showed high editing stability 

using the asymmetric HS editing pulse, with less than 1.8% integrated GABA signal 

amplitude variation, even in the presence of a ±30% B1
+ offset. For the HS editing pulse, a 

0.15 ppm editing frequency offset showed negligible loss (of 1%) of the edited GABA 

signal. Also, the shape of the GABA multiplet was preserved in all cases for the HS pulse. 

At B1
+ = 100%, the Gaussian editing pulse yielded a 10% and 29% less integrated signal of 

the edited GABA multiplet compared to the HS pulse for the on-resonance and off-

resonance case, respectively. A severe signal drop by factors of 5 and 15.8, together with a 

strongly deteriorated triplet structure (i.e., outer multiplet peaks were significantly decreased 

and the inner peak was negative), was obtained for the Gaussian editing pulse compared to 

the HS editing pulse at B1
+ = 70% and B1

+ = 130%, respectively.

3.2 Phantom measurements

The measured 4CH2-GABA resonances from the EDIT-ON/EDIT-OFF/DIFF-spectra are 

provided in Supplementary Figure 2 and support the simulated results from Section 3.1. The 

experimentally determined transition bands were 160 Hz downfield and 920 Hz upfield, with 

a flat-top of 538 Hz, which is in good agreement with simulated values.

3.3 Volunteer measurements

A graphical representation of motion and B0-field changes, as measured by the vNavs during 

a typical MRSI scan, is provided in Supplementary Figure 3.

Fitted spectra (DIFF and EDIT-OFF) from different brain regions are shown in Fig. 5, 

including voxels with typically good spectral quality and voxels where fitting is challenging 

due to baseline distortions and B0 inhomogeneities (frontal lobe). Doublets were observed 

for 4CH2-GABA signals at 3.01 ppm and co-edited Glx signals at 3.74 ppm in the DIFF-

spectra, while EDIT-OFF spectra included the full set of brain metabolites. Supplementary 

Figure 4 shows EDIT-OFF and DIFF spectra over the full metabolite range.
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Applying IR reduced the mean SNR calculated over all volunteers and all voxels by about 

50% from 241.1 ± 99.0 to 119.6 ± 47.1 (p < 0.005). The mean linewidth of NAA changed 

from 12.1 ± 2.9 to 11.5 ± 3.2 when applying IR (p < 0.005). The CRLBs of tNAAOFF 

increased from 2.0 ± 1.5 to 2.3 ± 1.2 (p = 0.21), without and with IR, respectively. Similar 

CRLB changes were observed for tCrOFF, with CRLBs increasing from 2.2 ± 1.3 to 2.6 ± 

1.2 (p = 0.62). The mean GABA CRLBs increased from 4.2 ± 2.8 to 8.0 ± 2.3 when 

applying IR (p < 0.005), while for Glu the CRLBs increased from 3.2 ± 2.2 to 3.6 ± 2.6 (p = 

0.015).

Fig. 6 depicts metabolic ratio maps (i.e., GABA/tNAA, GABA+/tNAA, GlxDIFF/tNAA, and 

tCr/tNAA) of one volunteer including anatomical MP2RAGE images (maps without 

anatomical overlay are provided in Supplementary Figure 5). Fig. 7 shows the pure GABA 

maps (with IR-ON) obtained for all five volunteers.

The linear regression result of GABA/tNAA and Glx/tNAA versus the GM fraction is 

provided in Fig. 8. GM/WM ratios calculated from linear regression over all volunteers for 

all metabolic maps are listed in Table 1. The GM/WM ratio for tCr/tNAA was similar when 

applying IR and not applying IR, with values around 1.5. Also, for GlxOFF/tNAA, the 

GM/WM ratio was decreased only a small amount (i.e., <6% difference between IR-ON and 

IR-OFF). GABA/tNAA showed a 2.15-fold increase in GM/WM contrast when applying IR, 

while GlxDIFF/tNAA experienced a slight contrast reduction of about 17%.

Fig. 9 shows the qualitative in vivo comparison of the pure GABA/tNAA maps obtained 

with our proposed approach compared to a conventional approach including spiral readout, 

Gaussian editing pulses and no real-time corrections.

4 Discussion

In this study, an adiabatic MEGA-editing scheme was developed and incorporated into a B1
+-

insensitive MRSI sequence, which enabled whole-slice metabolic imaging of 

neurotransmitters in the human brain with unprecedented high-resolution at 7T.

Our approach exploits the advantages of edited-MRSI at 7T while tackling challenges that 

arise with an ultra-high-field. Our approach was validated by simulations, phantom, and in 
vivo measurements and included: a) adiabatic 1D-semiLASER selection that yielded 

improved B1
+-insensitive localization with negligible CSDE; b) asymmetric adiabatic 

MEGA-editing pulses that mitigated regionally different editing efficiencies while keeping 

the overall echo time optimal, i.e., ~1/(2J); c) spatial-spectral encoding that used the time-

efficient CONCEPT readout with substantially improved PSF; d) real-time updating of the 

MRSI sequence based on vNavs, in combination with selective reacquisition of corrupted 

data, for robust, subtraction-based MEGA-editing.

4.1 Spatial distribution of GABA

Previous MRSI studies provided indications of higher GABA concentrations in cortical GM 

compared to WM, with quite heterogeneous results of GM/WM ratios ranging from 1.48 to 

8.12 (Choi et al., 2006; Jensen et al., 2005; Zhu et al., 2011). These reports are encouraging 
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from a biochemical perspective, as GABA exerts its effects via GABAergic synapses that are 

predominantly located in the gray matter (Petroff et al., 1995). Also, GABA is mainly 

metabolized from Glu via glutamate decarboxylase (Stagg et al., 2011a,b) and Glu is known 

to exhibit a GM/WM contrast (Marsman et al., 2013). This highlights the significance of 

tissue composition in GABA measurements, but all previous MRSI reports suffer from low 

spatial resolution, which makes the regional assessment of GABA levels difficult. In all 

reports, voxels from brain regions with typically poor spectral quality were discarded (e.g., 

anterior to the ventricular system due to problems linked to susceptibility and off-resonance 

effects from the sinus-cavity), thereby reducing the number of gray matter voxels for further 

analysis. Also, the regional distribution of macromolecular contributions to the measured 

GABA signals needs to be addressed, which may bias the GM/WM contrast of GABA.

We present the first study to investigate regional GABA and GABA+ levels based on whole-

slice metabolic maps with an effective voxel size of 1.4 cm3 in about 24 min, while Zhu et 

al. were mapping GABA+ levels with voxel sizes of 7 cm3 in 17 min at 3T (Zhu et al., 

2011).

The majority of published GABA-edited DIFF spectra contained fitted resonances of NAA 

(2.01 ppm), GABA (3.01 ppm), and Glx (3.74 ppm). We achieved more stable LCModel 

results by fitting a tighter spectral range that contained only GABA and Glx and also spared 

the spectral range in-between. Spectral quality was high throughout the FOV, with only little 

differences in the linewidth for the IR-ON/IR-OFF scan. A noticeable SNR reduction, by up 

to 50%, was observed when enabling inversion recovery for all metabolites, while the 

GABA resonance was affected by IR in two ways: a) underlying MM contributions were 

fully nulled; and b) the GABA signal itself was reduced due to incomplete signal recovery.

Metabolic maps showed distinct anatomical contrast and were used to calculate metabolite 

abundance differences in GM and WM. Linear regression showed a clear elevation of tCr 

levels in GM and was in the range of previously published reports (Gasparovic et al., 2009; 

Wang and Li, 1998). No significant changes induced by inversion recovery were found, 

which is explained by the predominance of Cr compared to other signals found around 3 

ppm. Without IR, GABA+/tNAA showed only little GM/WM contrast, but this contrast 

increased 2.15-fold when IR (i.e., GABA/tNAA) was enabled. We attribute this to an 

elevated abundance of MM2.99 ppm in the white matter compared to the gray matter, which is 

in accordance with the results of Povavžan et al. at 3T (Povavžan et al., ISMRM, 2017, No. 

1058). However, the characterization and distribution of MM are an on-going field of 

research, with age-specific, pathologically altered, and even inter-subject differences being 

described (Chong et al., 2011; Hofmann et al., 2001; Mader et al., 2001). GM/WM contrasts 

obtained for Glx/tNAA showed similar results for EDIT-OFF and DIFF spectra and for IR 

turned ON/OFF, and were also in the range described in the literature (Gasparovic et al., 

2009). Only for GlxDIFF/tNAA with enabled IR was an unexpected reduction in contrast of 

17% observed. This may have been caused by T1 effects or by unanticipated co-editing due 

to as yet unknown metabolite couplings, as our adiabatic editing pulses exhibited broad 

editing bands. This should be further investigated.
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4.2 Spatial localization using 1D-semiLASER

Inhomogeneities in the radio frequency B1
+ field are a known challenge for many MR 

experiments at 7T, especially when targeting low abundant metabolites in MRSI. Up to 50% 

B1
+ variation has been reported for 7T in the human brain (Singh et al., 2013). Severe flip 

angle variations and CSDE, as well as poor selection profiles, make conventional PRESS 

localization almost impossible at 7T. Localization based on B1
+-insensitive adiabatic 

refocusing (LASER or semiLASER) can mitigate these challenges (Scheenen et al., 

2008a,b). The high SAR demand of full LASER sequences at 7T has been tackled by using 

either gradient offset modulated adiabatic (GOIA) pulses (Bhattacharyya et al., ISMRM, 

2017, No. 3012), or by using semi-LASER sequences, a combination of a non-adiabatic 

excitation pulse and high-bandwidth adiabatic Frequency Offset Corrected Inversion (FOCI) 

pulses (Arteaga de Castro et al., 2013).

Our aim was to perform MRSI over a whole brain slice without being restricted to a 

confined LASER box inside the brain and including even cortical areas. Our proposed 1D-

semiLASER sequence is an extension of the semi-LASER sequence using only one pair of 

GOIA pulses. The use of a non-adiabatic sinc excitation pulses leaves some B1
+-sensitivity, 

but is a good compromise between B1
+-immunity and SAR demand. The use of only one pair 

of GOIA pulses allowed for significant SAR reduction and longer and more sophisticated 

editing pulses to be incorporated into the TE of 69 ms.

4.3 Adiabatic MEGA-editing

All MEGA-editing reports thus far have employed an editing scheme very similar to the one 

initially proposed by Mescher et al. (1998). If B0 and B1
+ inhomogeneities are sufficiently 

small in the volume of interest (e.g., SVS in small voxels placed in the occipital lobe), such a 

non-adiabatic editing approach is certainly adequate. However, this approach may become 

increasingly problematic even for SVS with medium/large sized voxels in regions known to 

be difficult to shim (e.g., hippocampus), and unfeasible for MRSI at 7T. While most reports 

for 7T used conventional Gaussian pulses for MEGA-editing (Cai et al., 2012; Chen et al., 

2017; Terpstra et al., 2002), there are only a limited number of studies that used more 

sophisticated but longer (~30–44 ms) pulses, such as Shinnar Le-Roux (SLR) pulses 

(Andreychenko et al., 2012; Henry et al., 2001; Kaiser et al., 2007). SLR pulses provide 

substantially improved inversion profiles (i.e., smaller inversion bandwidth combined with 

narrow transition bands) compared to Gaussian pulses, but are also more sensitive to B1
+

errors. This makes their use less attractive at 7T.

Due to their B1
+-insensitivity adiabatic pulses have been used for MEGA lipid/water 

suppression pulses at 3T in full slab 3D MRSI (Esmaeili et al., 2017) and for pre-excitation 

CHESS water/fat suppression (Zhu et al., 2010). Asymmetric adiabatic pulses have been 

also used at 7T to perform CHESS water/fat suppression for full slice MRSI (Zhu et al., 

2013). Adiabatic MEGA-editing was already employed for heteronuclear spectral editing 

(Garwood and Merkle, 1991), but to our knowledge, in this paper we present the first 
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homonuclear J-difference editing sequence to use adiabatic editing pulses. In contrast to 

symmetric editing pulses, asymmetric pulses feature narrower transition bands, while being 

sufficiently short to remain within an optimal TE of 1/(2J)~69 ms. Broadband adiabatic 

pulses with one narrow transition band are very well-suited for MEGA-editing at 7T, thereby 

ensuring stable, full inversion in the presence of substantial B0 frequency offsets as 

encountered in whole-slice MRSI. The flat-top of our designed asymmetric pulses covered a 

range of more than 500 Hz, broad enough to include the 1.9 ppm GABA resonance over ΔB0 

variations of ±0.15 ppm and fully suppress lipid signals at 1.25 ppm. This might lead to lipid 

signals in the DIFF spectra (Supplement Figure 4) as lipids are suppressed in the ON-

acquisition, but not in the OFF-acquisition. However, this did not cause problems with our 

tight fitting range. The baseline was adequately estimated by LCModel in the GABA region. 

Hence, we decided to deactivate the editing pulses in the OFF-acquisition (the editing pulse 

amplitude was set to zero) in order to save SAR. If in future studies (e.g., 3D-MRSI) lipids 

will be more problematic, they could be reduced by activating the editing pulses in the OFF-

acquisition. Their frequency would need to be set such that the main lipid resonances will be 

suppressed in both acquisitions, while affecting the 1.9 ppm GABA resonance only in the 

ON-acquisition.

Our 1D-semiLASER sequence with only one pair of GOIA refocusing pulses is well suited 

for incorporating the asymmetric, adiabatic, 20-ms-long editing pulses within a TE of 69 ms, 

which would not be feasible in a full LASER or semiLASER sequence with more pulses 

used for volume selection. As adiabatic editing pulses are undoubtedly more SAR-

demanding than conventional Gaussian pulses, a TR of 1600 ms as frequently used in 

GABA-edited MRS at 3T was not feasible, but the 1D-semiLASER sequence helped to 

minimize the required TR and keep it far below other reported TR values at 7T 

(Andreychenko et al., 2012; Chen et al., 2017).

While in vivo B1
+ variations nearly reach ±28% in transverse slices above the ventricles, even 

higher B1
+ inhomogeneities of up to ±47% can be observed in more central slices 

(Supplementary Figure 1). The advantage of our adiabatic editing approach is that B1
+

inhomogeneities can be compensated for by increasing the pulse amplitude to fulfil the 

adiabatic condition throughout the slice/slab even in such cases. Furthermore, stronger B0 

inhomogeneities in central brain areas (Supplementary Figure 1) can be compensated for via 

adiabatic MEGA-editing. The only “drawback” is that higher B0 variations lead to increased 

extension of the MEGA inversion profile into the metabolite spectral region to cover all B0 

variations. This is not a limitation unless the B0 inhomogeneities become large enough that 

the transition band of the inversion profile reaches the 3.0 ppm GABA resonance.

MM-suppressed detection of GABA was achieved by B0 and B1
+-insensitive adiabatic 

inversion recovery. Although IR inherently leads to metabolite signal loss, other MM-

suppressive approaches, such as symmetric editing around 1.7 ppm (Henry et al., 2001), are 

not feasible in the presence of large B0 frequency variations across the FOV.
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Phantom measurements showed a high agreement of the EDIT-ON, EDIT-OFF, and DIFF 

GABA resonance shapes, not only with our simulations, but also with the literature reports 

(Near et al., 2013).

Our simulations proved that adiabatic MEGA-editing pulses successfully mitigated editing 

efficiency loss caused by B1
+ inhomogeneities, as can be inferred from Figs. 3 and 4. In the 

presence of B1
+ variations of ±30%, negligible reductions (<1.8%) of integrated, edited 

signal intensity were observed, while conventional Gaussian editing pulses yielded a signal 

loss of up to a factor of 15 when also considering a 0.15 ppm frequency offset. Even without 

frequency and B1
+ offsets the adiabatic editing pulses yielded about a 10% more integrated 

signal compared to Gaussian editing pulses, which we attribute to adiabatic spin-locking 

effects.

4.4 Spatial-spectral sampling

Robust MEGA-editing requires a minimum of four measurement repetitions (two-step phase 

cycling and acquisition of EDIT-ON/EDIT-OFF spectra). This leads to prolonged scan times 

for conventional phase-encoded MRSI. Non-Cartesian sampling based on concentric circle 

trajectories offers acceleration factors of up to two orders of magnitude compared to phase-

encoded MRSI (Hingerl et al., 2017). By intrinsically sampling a Hamming-weighted k-

space, substantial PSF improvements and an SNR gain of +24% and +40% could be 

achieved compared to elliptical phase-encoding and parallel imaging accelerated MRSI, 

respectively (Hingerl et al., 2017; Strasser et al., 2017).

It is well known that artifacts from extracranial lipids may cause severe baseline distortions, 

especially when the FOV extends over the whole brain slice. In previous GABA-edited 

MRSI reports, Bogner et al. were restricted to a cuboid LASER selection box within the 

brain, and hence, could avoid lipid contaminations (Bogner et al., 2014), while Zhu et al. 

employed highly optimized, hyper geometric dual-band pulses at 3T with outer-volume 

suppression for water and lipid suppression (Zhu et al., 2011). Both approaches would face 

significant SAR problems at 7T.

4.5 Real-time motion and scanner instability correction

Uncorrected subject head motion and B0 field changes degrade edited MRSI data (Evans et 

al., 2013; Heckova et al., 2018; Puts et al., 2012) and are a substantial source of 

measurement bias in MRI in general (Zaitsev et al., 2015). In addition to the SNR loss 

caused by line broadening, subtraction errors of misaligned spectra lead to improperly 

subtracted Cr signals, and hence, an overestimation and variability of GABA signals. Older, 

healthy subjects and, in particular, patients with Parkinson's disease or mild cognitive 

impairment showed up to 2.5-fold more involuntary head movement than young healthy 

volunteers (Heckova et al., 2018).

In contrast to SVS, MRSI does not allow for simple frequency and phase alignment during 

post-processing without an additional navigator due to its spatial encoding. Our real-time 

correction approach is similar to other studies from 3T and is based on volumetric EPI 
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navigators inserted prior to water suppression in each MRSI TR (Bogner et al., 2014; 

Hnilicová et al., 2016). These vNavs were capable of monitoring head motion, frequency, 

and shim changes in real-time with sub-millimeter precision via two low-resolution 3D 

magnitude/phase images of different TE. Following Bogner et al. and Zhu et al., frequency 

updates were applied only to pairs of EDIT-ON/EDIT-OFF acquisitions to prevent 

unfavorable rounding, as only integer update values were allowed on our scanner hardware 

(Bogner et al., 2014; Zhu et al., 2011). To further compensate for head movement between 

EDIT-ON and EDIT-OFF, we implemented selective reacquisition of corrupted data. If the 

rejection criterion (i.e., >0.4 mm translation or >0.4° rotation) was triggered between an 

EDIT-ON/EDIT-OFF pair, this specific pair was reacquired immediately. However, if the 

criterion was triggered before an EDIT-ON/EDIT-OFF pair, the previous pair was 

reacquired. A maximum of 25% of the total scan time was imposed as maximum scan time 

prolongation.

While vNavs have been shown to reduce spatial variability and subtraction artifacts, and 

thereby increasing the reproducibility of GABA-edited MRSI at 3T (Hnilicová et al., 2016), 

to our knowledge, no previous report has implemented this real-time correction approach for 

edited MRSI at 7T. As reported previously for non-edited MRSI (>Moser et al., ISMRM, 

2017, No. 1253), several optimizations to the EPI navigator protocol used on 3T had to be 

made to exploit the potential of vNavs at 7T. As Nyquist N/2-ghosting artifacts were 

significantly worse at 7T (Beisteiner et al., 2011), a local phase correction (Feiweier et al., 

2011; Lima Cardoso et al., 2018) was implemented. Fat artifacts were eliminated by using 

water-selective excitation, which allowed shorter TRs compared to dedicated fat suppression 

pulses. vNavs at 3T have been employed with slab-selective excitation, which was switched 

to non-selective excitation due to water-selective excitation at 7T. Possible fold-in artifacts 

were eliminated via increasing the FOV in the z-direction. Spatial image distortions were 

reduced by lowering the EPI factor from 32 to 16 (i.e., dual-shot EPI rather than single-shot 

EPI).

4.6 Limitations

Adiabatic MEGA-editing is a promising approach for ultra-high field scanning, but requires 

significantly longer editing pulses compared to conventional Gaussian pulses. We achieved a 

TE of 69 ms by asymmetric editing pulses combined with only one pair of GOIA pulses in a 

1D-semi-LASER localization. Employing different volume selections might lead to 

prolonged echo times.

Our asymmetric HS editing pulses have a broad inversion profile, with one narrow and one 

broad transition band. This approach works well if the resonance of interest (in our case 

GABA at 3.01 ppm) is downfield of the co-edited resonance targeted by the editing pulses 

(in our case GABA at 1.9 ppm). In case of GSH, however, the resonance of interest (i.e., 

2.95 ppm) is upfield of the co-edited resonance (4.56 ppm). A simple flip of the inversion 

profile by inverting the phase modulation function of the asymmetric HS pulse would 

resolve this issue.

Our approach tackles multiple challenges of whole-slice edited-MRSI on a software basis. 

However, modern hardware based approaches (i.e., lipid crusher coils (Boer et al., 2015), B1 
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shimming (Hetherington et al., 2010), B0 shim arrays (Stockmann et al., 2016)) might 

further improve data quality.

In this study, we investigated only the distribution of the neurotransmitters GABA and Glx 

using the MEGA-editing technique. However, our edited MRSI approach could further be 

applied to other highly interesting metabolites, including the onco-metabolite 2-

hydroxyglutarate (Andronesi et al., 2016), lactate (Arteaga de Castro et al., 2013) in brain 

tumors, and the antioxidant GSH in neurodegenerative and psychiatric disorders (Terpstra et 

al., 2003).

5 Conclusion

Adiabatic MEGA-editing incorporated into a 1D-semiLASER-MRSI sequence is feasible at 

7T and can account for the severe B0 and B1
+ variations frequently encountered in whole-

slice MRSI at ultra-high field. Integrating time-efficient, spatial-spectral CONCEPT 

encoding, and realtime motion and scanner instability correction makes this approach a 

promising technique for whole-brain, spectrally edited mapping of neurotransmitters, 

antioxidants, and onco-metabolites.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CSDE chemical shift displacement error

CONCEPT concentric circle echo planar trajectories

CRLB Cramér-Rao lower bound

Cr creatine

CSF cerebrospinal fluid

EPI echo planar imaging

EPSI echo-planar spectroscopic imaging

FA flip angle

FID free induction decay

FOV field of view

FWHM full width at half maximum
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GABA γ-aminobutyric acid

GABA+ γ-aminobutyric acid + macromolecules

Gln glutamine

Glu glutamate

Glx glutamate + glutamine

GM gray matter

GOIA gradient offset independent adiabatic

GSH glutathione

HS hyperbolic secant

IR inversion recovery

m-Ins myo-inositol

MEGA Mescher-Garwood

MM macromolecule

MP2RAGE magnetization-prepared 2 rapid acquisition gradient echoes

MOSAIC multi-channel data of spectroscopic imaging assembled via 

interleaved calibrations

MRSI magnetic resonance spectroscopic imaging

NAA N-acetyl-aspartate

NAAG N-acetyl-aspartyl glutamate

PCr phosphocreatine

PSF point-spread function

PRESS point-resolved spectroscopy

SAR specific absorption rate

semi-LASER semi-localized adiabatic selective refocusing

SLR Shinnar-Le Roux

SNR Signal-to-noise ratio

SSE spatial-spectral encoding

SVS single-voxel spectroscopy

TA acquisition time
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tCr Cr + PCr

TE echo time

TI inversion time

tNAA NAA + NAAG

TR repetition time

UHF ultra-high field

WET water suppression enhanced through T1 effects

vNav volumetric navigator

WM white matter

WURST wideband uniform rate and smooth truncation
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Fig. 1. 
A 1D-semiLASER sequence (i.e., Hamming-filtered Gaussian excitation pulse and a pair of 

GOIA-refocusing pulses) including an adiabatic MEGA-editing scheme. Prior to MRSI 

excitation, volumetric navigators for real-time motion correction, MOSAIC prescans for coil 

combination, WURST inversion recovery for MM suppression and WET water suppression 

modules are played out. MEGA-editing elements include asymmetric adiabatic editing 

pulses and surrounding spoiler gradients (shaded in gray). CONCEPT spatial-spectral 

encoding readout starts after a TE of 69 ms.
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Fig. 2. 
The asymmetric adiabatic full-passage pulse for spectral MEGA-editing was designed from 

a combination of one-half of a 32-ms-long hyperbolic secant (HS) pulse of order 1 and the 

other half of an 8-ms-long HS-4. Amplitude and phase modulation functions exhibit a 

smooth transition at the connecting point of the two individual components.
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Fig. 3. 
(A) Inversion profiles for our asymmetric adiabatic HS editing pulse compared to a 

conventional Gaussian pulse (120 Hz FWHM). Measured and simulated profiles are 

matched in center frequency and graphically overlaid. A frequency band of ΔB0 = ±0.15 

ppm is indicated to visualize the frequency offset sensitivity of the Gaussian pulse, while the 

adiabatic pulse yields robust, full inversion over ΔB0. For the asymmetric HS pulse, stable 

inversion of the 3CH2-GABA resonance at 1.9 ppm, macromolecules (MM) at 1.7 ppm, and 

lipids at 1.2 ppm is achieved, while the Gaussian pulse affects MM at 1.7 ppm only by 
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partial inversion. (B) Immunity plot summarizing the inversion behavior in the presence of 

B1
+ variations of ±30% and ±0.15 ppm editing frequency offsets of the asymmetric HS pulse 

and the Gaussian pulse. While the Gaussian pulse exhibits only a small region of full 

inversion (−1), the inversion efficiency of the HS pulse is invariant to B1
+ variations. Also, 

full inversion is achieved in the presence of a ±0.15 ppm editing frequency offset for the 

asymmetric HS pulse, which is important to compensate for in vivo B0 field 

inhomogeneities. Dashed lines indicate the regions of B1
+ = ±30% and ΔB0 = ±0.15 ppm.
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Fig. 4. 
Simulations of the 4CH2-GABA triplet at 3.01 ppm. The resonance shapes showed high 

editing stability in case of the adiabatic editing pulse in the presence of B1
+ variations of 

±30% and 0.15 ppm editing frequency offsets (<1.8% integrated signal loss). At B1
+ = 100%, 

the conventional Gaussian pulse yielded up to 29% less integrated signal in the off-

resonance case, while a 15.8-fold lower signal integral, together with a strongly deteriorated 

triplet structure, was obtained for the Gaussian pulse compared to the HS pulse at B1
+ = 70% 

and B1
+ = 130%.
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Fig. 5. 
Sample spectra including the LCModel fits (in red) for volunteer 1. Spectra from different 

brain regions that included voxels with typically good spectral quality (mesial gray matter 

and left frontoparietal white matter) and lower spectral quality (frontal and occipital lobes) 

are shown. For each voxel, DIFF and EDIT-OFF spectra are grouped together. For 

comparison, spectra with inversion recovery ON and OFF are provided. A decrease in 

overall SNR, as well as a significantly reduced GABA peak, is observed in the IR-ON case. 

The effective voxel size was 1.4 cm3.
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Fig. 6. 
Metabolic ratio maps for inversion recovery ON and OFF for volunteer 1. T1-weighted 

images are shown, as well as GABA/tNAA and Glx/tNAA maps from DIFF spectra. tCr/

tNAA maps are also provided and were obtained from EDIT-OFF spectra. The tNAA map 

from EDIT-OFF IR-ON spectra was used as normalization in all cases. Metabolic maps were 

acquired using the following MRSI settings: FOV 220 × 220 mm2; 32 × 32 matrix; slice 

thickness 16 mm; TA 24:12 min. The maps were interpolated to a 64 × 64 matrix for display.
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Fig. 7. 
The pure GABA/tNAA metabolic maps without MM contamination, as well as the 

corresponding T1-weighted images are shown for all five volunteers. The tNAA map from 

EDIT-OFF IR-ON spectra was used as normalization in all cases. Metabolic maps were 

acquired using the following MRSI settings: FOV 220 × 220 mm2; 32 × 32 matrix; slice 

thickness 16 mm; TA 24:12 min. The maps were interpolated to a 64 × 64 matrix for display.
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Fig. 8. 
Linear regression plot of GABA/tNAA and Glx/tNAA versus gray matter tissue 

composition. tNAA obtained from EDIT-OFF IR-ON spectra was used as normalization in 

all cases. Linear regression equation, as well as r-value and p-values are provided. GABA/

tNAA shows a signal decrease by a factor of ~4 in the case of IR-ON compared to IR-OFF 

(IR reduces the GABA signal by a factor of ~2 and eliminates MM contributions), while a 

factor of only ~1.7 in signal decrease is observed in the case of Glx/tNAA.
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Fig. 9. 
Qualitative comparison pure GABA/tNAA maps obtained via our new editing approach 

(adiabatic editing CONCEPT readout, real-time corrections, and IR-based MM suppression) 

compared to a more conventional approach (narrow-band Gaussian editing pulses symmetric 

editing around MM at 1.7 ppm, spiral readout, no real-time corrections). Lower SNR, 

B0/B1
+-related editing efficiency loss and the lack of real-time corrections resulted in low-

quality GABA maps for the conventional approach and render any reasonable quantitative 

evaluation impossible.
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Table 1

Ratios for gray/white matter contrast for different metabolic ratio maps averaged over all five volunteers. 

GABA/tNAA and GlxDIFF/tNAA were obtained from DIFF-spectra, while GlxOFF/tNAA and tCr/tNAA were 

obtained from EDIT-OFF spectra. The GM/WM ratios are presented with inversion recovery (IR-ON) and 

without (IR-OFF). tNAA obtained from EDIT-OFF IR-ON spectra was used as normalization in all cases.

GM/WM contrast

IR-OFF IR-ON

GABA/tNAA 1.11 ± 0.13 2.39 ± 0.06

GlxDIFF/tNAA 2.21 ± 0.05 1.84 ± 0.17

GlxOFF/tNAA 2.23 ± 0.12 2.11 ± 0.11

tCr/tNAA 1.53 ± 0.05 1.50 ± 0.04
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